VoLUME 51, NUMBER 24

PHYSICAL REVIEW

LETTERS 12 DECEMBER 1983

Selective Adsorption Resonances in the Scattering of n-H,, p-H,, n-D,, and o -D, from Ag(111)

Chien-fan Yu, K. Birgitta Whaley, Charles S. Hogg, and Steven J, Sibener
Deparvtment of Chemistry and The James Franck Institute, The University of Chicago, Chicago, Illinois 60637

(Received 6 September 1983)

Diffractive and rotationally mediated selective adsorption scattering resonances are
reported for n-H,, p-H,, n-Dy, and 0-Dy on Ag(111). Small resonance shifts and line-
width differences are observed between »-H, and p-H,, indicating a weak orientation de-
pendence of the laterally averaged Hy/Ag(111) potential. The p~-H, and 0-D, levels were
used to determine the isotropic component of this potential, yielding a well depth of ~ 32

meV,

PACS numbers: 79.20.Rf

The phenomenon of selective adsorption has
been of immense importance to the study of gas-
surface interactions.’ With few exceptions,” 3
most of these studies have centered on highly cor-
rugated, nonmetal surfaces where diffractive
selective adsorption resonances are relatively
easy to detect. These studies have been directed
towards determining atom-surface potentials, or
molecular-hydrogen—surface potentials with H,
treated as a structureless particle. However,
one expects that the bound-state energy levels ob-
tained from selective adsorption measurements
will be affected by the spatially anisotropic com-
ponent of the molecule-surface potential.®*5
Two recent low-energy electron-energy-loss
(EELS) experiments dealing with the physisorp-
tion of H, and D, on Ag(111)° and of H,, D,, and
HD on Cu(100) 7 of relatively low resolution [ 12
meV for Ag(111) and 3 meV for Cu(100)] indicate
that physisorbed hydrogen behaves as a nearly
free three-dimensional rotor on these surfaces.
In EELS experiments the weak spatial anisotropy
of the interaction should manifest itself in slight
shifts of observed rotation-vibration transitions
for different physisorbed |J,m) states and, as a
consequence of this, in linewidth changes for spec-
tra obtained as a convolution over various m sub-
states.”® Similar |J,)-dependent shifts should
also appear in the bound-state spectrum of the
physisorption well when probed by submillielec-
tronvolt-resolution selective adsorption scatter-
ing experiments. The spectroscopy of these en-
ergy levels lies at the heart of this Letter.

We report here the first clear observation of
diffractive selective adsorption (DSA) on a clos-
est-packed (low corrugation) metallic surface,®
Ag(111), and the first detection of rotationally
mediated selective adsorption (RMSA)**?® for a
homonuclear diatomic on a solid surface, Com-
parative DSA studies utilizing rotationally-state-
selected H, and D, molecules have revealed
small level shifts and linewidth changes which
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are the result of an average over individual J-
and m -dependent level shifts. Analysis of these
DSA experiments is facilitated by the extremely
low corrugation of Ag(111), which virtually elim-
inates any complications due to band structure.
These experiments were carried out with suffi-
cient energy and angular resolution to detect en-
ergy shifts of ~0.1 meV. Extensive isotopic
studies with molecular beams of pure p-H, and
0-D, have also allowed us to determine the spa-
tially isotropic component of the laterally aver-
aged H,/Ag(111) physisorption potential.

These experiments were carried out in an ultra-
high-vacuum beam-surface scattering apparatus
described previously,> ' with modifications to be
described elsewhere.!* The Ag(111) crystal was
cut from a 99.999% boule, and was prepared as
previously described.® Pure p-H, and 0-D, were
generated by passing hydrogen (deuterium) gas
through a newly constructed, liquid-hydrogen-—
cooled in-line catalytic converter.!' Convention-
al time-of-flight measurements (0.25 usec/chan-
nel resolution) were frequently carried out to
monitor incident beam characteristics. Complete
conversion to p~H, (0-D,) was confirmed by com-
paring collision-induced J =0~ 2 rotationally in-
elastic transition probabilities with and without
conversion. Experimental resolution parameters
were as follows: incident beam divergence, 0.1°%;
detector resolution, 0.67°; Av/v =4.5% (H,) and
6.5% (D,). Selective adsorption resonance spec-
tra were taken by measuring the maximum inten-
sity of the specular peak at incident polar angle
increments of 0.2°,

In the general case of DSA-RMSA, the incident
molecule can be coupled to a bound vibrational
state on the surface through diffraction and/or
rotational transitions. Neglecting phonon inter-
actions, conservation of total energy, and crys-
tal momentum leads to the resonance condition

k2= (K, + Gl + @m/n»AE ,+ @m/N*E,
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FIG. 1. Specular peak intensity of o-D, scattering
from Ag(111) as a function of incident polar angle for
seven successive azimuthal angles; T, =105 K.

with kK, the incident-wave vector, K; the projec-
tion of k; on the surface, G = (mn) the surface
reciprocal-lattice vector of order (mn), E, the
bound-state energy of the laterally averaged po-
tential V,,(z,0), and AE ;=E(J;) —E (J;) the ener-
gy of the rotational transition. For AE ;=0 pure
DSA occurs, while when G =(00) pure RMSA oc-
curs.>%5 In these experiments we have observed
pure DSA and pure RMSA, but no mixed reso-
nances.

Figure 1 shows several o-D, resonance spec-
tra, i.e., specular peak intensities versus in-
cident polar angles, for seven successive surface
azimuthal settings. ¢ =0° is defined as the (112)
direction. Resonance dips are designated by
() where the incident molecule is coupled to
the bound level v by the reciprocal-lattice vector
(mn). We observe two sets of azimuthally in-
dependent dips corresponding to two different
bound levels probed by J =0~ 2 rotationally me-
diated selective adsorption.

In Fig. 2 the selective adsorption loci for o-D,
are plotted in the two-dimensional reciprocal
space of the surface. The resonances can be
clearly grouped into three sets of concentric arcs
centered about the (01), (T1), and (10) surface
reciprocal-lattice points. The two 0-D, arcs
which precess about the (00) G vector are due
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FIG. 2. Selective adsorption loci for o-D, plotted in
the surface reciprocal-lattice plane. Arc labels de-
note bound levels (millielectronvolts) and coupling
G vectors, Points represent dips from the resonance
spectra.. The dashed arc denotes the energy limit for
the Dy beam.

to RMSA associated with the J = 0 2 inelastic
transition. Note that isoenergetic arcs cross
along the (112) and (011) symmetry directions.
No discernible level splittings are seen at these
crossing points, presumably because of the very
small higher-order Fourier components of the
potential. Similar reciprocal-space plots have
also been constructed for p-H,, n-H,, and n-D,.
Average values of the experimental bound-level
energies are listed in Table I.

Since n-H, contains 75% o-H, (primarily J=1
after supersonic expansion), the n-H, results
reflect a weighted average over |J,m ) =|0,0),
|1,0), and |1, + 1). The p-H, results reflect
solely |J,m)=|0,0). The small shifts seen in
Table I between the p-H, and n-H, data sets are
derived from the orientationally anisotropic
component of the laterally averaged potential
Voolz,0). When V,(z,0) is expanded in a Legen-
dre series, with coefficients v’ (z), only even
terms in ! contribute for homonuclear molecules.
In the simplest model we retain only the first
two terms, with v,,°(z)=Bvy, (z). Then shifts
for molecules with J+#0,m # 0 in a bound state »n
of the isotropic potential v,,°(z) may be estimated
by use of first-order perturbation theory as

AE, 7™ = B(nlvoy’@)|n) {Jm| Py(cosd)|Tm) .

The deviation of the n-H, results from the p-H,
results reflects an average over these shifts.
Although the AE ,’s are just somewhat larger
than the standard deviations, they are not arti-
facts due to systematic drifts. This was con-
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TABLE I. Experimental bound-state energies, E,,
of Hy and D, on Ag(111). ¢ is the standard deviation,
and » the number of observations. AE, is the devia-
tion of the »n-H, (z-Dj) levels from the p-H, (0-D;) lev-
els. The accuracy of these level determinations (lim-
ited by small uncertainties in incident beam time-of-
flight analysis and azimuthal-angle setting) is ~0.2
meV, which cancels in the determination of AE,,.
E,=18.57, 18.09, 21,68, and 20.71 meV for p-H,,
n-Hy, 0-D,, and n-D,, respectively.

p-Hy n-H,
v E, )] E, oln) AE,
5 -1.21 0.06(11) -1.12 0.05(5) 0.09
4 -2.61 0.13(22) -2.52 0.07(14) 0.09
3 -5.47 0.10(45) -5.35 0.09(30) 0.12
2 -10.11 0.09(42) -9.,91 0.09(31) 0.20
1 -16.87 0.07(28) - 16.55 0.11(14) 0.32
0 -25.74 0.07(2) -25.53 0.21(2) 0.21

0-D, n-D,y
v E, oln) E, oln) AE,
7 -1.13 0.05(11) -1.17 0.12(3) -0.04
6 -2,39 0.10(26) -2.36 0.06(6) 0.03
5 -3.97 0.06(21) -3.94 0.07(9) 0.03
4 -6.57 0.10(32) - 6.52 0.07(10) 0.05
3 -10.09 0.06(25) - 10.06 0.07(7) 0.03
2 -14.,47 0.20(8) -14.40 0.05(4) 0.07
2 -15.252 0.04(5) °oo
1 -20.97% 0.04(13) —20.982 0.02(3) oo

2RMSA dips due to J=0—2.

firmed by taking data for p-H, and n-H, sequen-
tially, without changing any other experimental
conditions. »-D, contains only 33% p-D, (pri-
marily J =1 after expansion), resulting in the
much smaller shifts between 0-D, and »n-D,

(Table I). Averaging over the m-dependent shifts
for n-H, also results in linewidth broadening, as
shown in Fig. 3. A preliminary Gaussian decon- |
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FIG. 3. Selective adsorption linewidth broadening for
n-Hy relative to p-Hy. The total shift in dip angle is
due to both small |J,» >-dependent level shifts for
n-Hy and the difference in beam energies.

volution of these line shapes, based upon three
measurements for each DSA resonance, gives
an energy width of 0.19+ 0.04 meV for p-H, and
0.35+ 0.01 meV for n-H,. A full analysis will be
given later.?

Quantum numbers were assigned to the p-H,
and 0-D, (J=0) bound vibrational levels by plot-
ting E %/ © against the reduced quantum number
n=@+ 3)/Ym.*® The assignment giving the best
simultaneous linear fit to both isotopes is listed
in Table I. This gives a well depth of ~ 32 meV,
and predicts a missing level for D,(v=0) at ~ - 27
meV. The only alternative assignment giving a
similar quality fit predicts a well depth of 60
meV. This has been ruled out by comparing ex-
perimental rotationally inelastic HD/Ag(111)
scattering cross sections with the results of
close-coupled quantum scattering calculations.!!

The experimental eigenvalues for /=0 H, and
D, have been used to determine the shape of
v,,2(2), the spatially isotropic component of
Vool2, 6). We find that both a variable-exponent
potential (VEP),'*

Voo(2) = D{[1 + (V/b)(z = 2,)]%* = 2[1 + (A/p)(z — z,)]7},

and an exponential-3 potential,*®

03,0(2) = <ﬁ£_>[_3_ exp[- B(z - z,)] -f(z)(fzﬂ)g}, f(2)=1=[2(z/a,)(2/a,+1)+1]exp(-2z/a,),

Bz, -3/ Bz,

provide excellent fits to the experimental eigen-
values, with rms deviations of 0,13 meV (VEP)
and 0.12 meV (exp-3). The parameters for the
best-fit potentials are as follows: (i) VEP: D
=31.54 meV, A =1.065 A, and p=4,293; (ii) exp-
3: D=32.46 meV, 8=2.417 A}, and 2z, =1.988

A. f(z) is a cutoff function, which goes smoothly
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!from f(0)=0to f(2)=1 at large 2.'® These results
are in excellent agreement with the recent pre-
dictions of Liebsch and Harris for this system.!?
We depart here from our earlier conjecture® 8
that the well depth of the H,/Ag(111) system is
~46 meV. This preliminary estimate was solely
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based on Beeby-corrected Debye-Waller analy-
sis?® for structureless particles. We also find
that standard Debye-Waller analysis completely
fails to give a consistent result for HD/Ag(111),
This will be discussed in a forthcoming paper
dealing with the isotropic part of the laterally
averaged potential.'!

To summarize, we have observed diffractive
and rotationally mediated selective adsorption for
n-H,, p-H,, n-D,, and 0-D, on Ag(111). The abil-
ity to resolve DSA dips on Ag(111), a surface of
extremely low corrugation, suggests that future
bound-state studies should be feasible on a much
wider selection of crystalline surfaces than pre-
viously thought possible. The J=0 resonances
have been used to determine the spatially isotrop-
ic component of the laterally averaged molecule-
surface potential. This is an essential prerequi-
site for a full analysis of the anisotropic compo-
nent of the potential. Small energy shifts and
linewidth differences are observed between n-H,
and p-H, bound-state resonances which are due
to the weak anisotropy of the potential,
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